Root morphology will affect interplant competition for soil nutrients. Research was conducted to assess fine root fraction, mean root radius, specific root length, root length density, and nitrogen (N) uptake per unit fine root biomass of corn and velvetleaf over time and in response to nitrogen supply. Pots containing either corn or velvetleaf were embedded in the ground and received one of three N treatments. Plants were destructively sampled on 10 dates during each of two years and root subsamples analyzed using root scanning software. While corn root morphology was more responsive to N supply than velvetleaf, velvetleaf N uptake per unit fine root length was greater than that of corn at similar biomass. Results suggest that, in lieu of modifying root morphology to increase uptake efficiency when N is deficient, velvetleaf may invest more root biomass to produce a deeper tap root to reach nutrients deeper in the profile.
Introduction
The ability of a plant to compete for soil nitrogen (N) is dependent upon root morphological characteristics such as root radius, root length, and root surface area. While plants respond to limiting soil N by increasing the amount of biomass allocated to roots (Bonifas et al., 2005; Mooney et al., 1985; Hilbert, 1990; Robinson, 1986; Reynolds and D'Antonio, 1996) , the capture of belowground resources by plants is more dependent upon root length or root surface area than total root biomass (Nye and Tinker, 1977; Sattelmacher et al., 1990) . Differences in root morphology may affect the competitive outcome between crops and weeds.
Corn production is vital to agriculture in the United States, especially with increasing demand for global food (Tilman et al., 2002) and ethanol production. Velvetleaf is one of the most important annual weeds affecting corn and soybean production in the USA (Bridges, 1992) . Because velvetleaf is a C 3 species, it must invest a large amount of N in the carbon dioxide fixation catalyst ribulose bisphosphate carboxylase (Rubisco). Therefore, it has lower photosynthetic N use efficiency (PNUE) than corn, a C 4 species (Brown, 1978 (Brown, , 1985 Sage and Pearcy, 1987) . When N is limiting, velvetleaf will have to increase its N uptake more than corn in order to maintain the same rate of photosynthesis in new leaves. It may do this by 1) increasing the amount of biomass it allocates to roots, 2) altering its root morphological characteristics, 3) increasing the N uptake efficiency of roots, or 4) some combination of these factors. Bonifas et al. (2005) showed that both corn and velvetleaf increase the fraction of new biomass partitioned to roots when N supply is limiting, but that velvetleaf partitions proportionally less new biomass to roots than to shoots than corn at all sizes and levels of N supply. However, Bonifas and Lindquist (2006) showed that velvetleaf had greater N uptake efficiency (N uptake per unit root biomass) than corn. The smaller root biomass but larger uptake efficiency of velvetleaf may occur if velvetleaf had more root surface area per unit biomass than corn.
As N supply decreases, velvetleaf may change its root morphology more than corn by investing a greater fraction of its total biomass into fine root production. Fine roots are important because they are the main pathways for nutrient absorption into the plant (Eissenstat, 1992) and because they come into contact with the largest volume of soil per unit root volume (McCully, 1999) . Fine roots are also an important component of Nye and Tinker's (1977) 
where U is N uptake (μ mol cm -3 d -1 ) r o is root radius (cm), L v is root length density (cm root/cm 3 soil), α is root absorbing power (cm s -1 ), and Cl o is nutrient concentration at the root surface (μ mol cm -3 ). All else being equal, root length density will increase exponentially with decreasing root radius. An increase in root length density will result in a concomitant increase in root surface area, which may result in a significant increase in nutrient uptake (Barber and Silberbush, 1984) .
Roots with a small radius also have a higher specific root length, the ratio of root length to root biomass (Eissenstat, 1992) . Plants with a high specific root length are more competitive for belowground nutrients than plants with a low specific root length (Eissenstat and Caldwell, 1989) . Species with a high specific root length also are able to produce root length more quickly, contributing to their competitive advantage over species with a low specific root length (Caldwell and Richards, 1986) .
Changes in root morphological characteristics will affect corn and velvetleaf N uptake. The amount of N taken up per unit fine root length can be used as an index of N uptake efficiency. Greater N uptake per unit fine root length is an indicator of greater N uptake efficiency. Plants with high N uptake per unit fine root length do not need to invest as much biomass in fine root production as plants with low N uptake per unit fine root length.
Because velvetleaf is capable of causing up to 80% yield loss in corn (Lindquist et al., 1996) , it is important to understand how root morphological features may contribute to the abilities of corn and velvetleaf to take up N when it is limiting. Changes in root morphology, such as an increase in the amount of fine roots produced, may allow velvetleaf to compete with corn for soil N and remain competitive for light. The objective of this research was to assess changes in corn and velvetleaf root morphological characteristics over time and in response to N supply. . Assuming a whole plant N concentration of 2%, a 300 g plant requires 6 g N. Therefore, the increase was made to ensure adequate N supply for corn to reach its potential biomass in 2002. The N treatments were applied at planting in the form of ammonium nitrate dissolved in 500 mL distilled water. Macro and micronutrients other than N were non-limiting and provided by means of a weekly addition of 250 mL of a dilute nutrient solution containing (g): potassium (0.15 potassium chloride; KCl), calcium (0.31 calcium chloride; CaCl 2 ), magnesium (0.09 mag-nesium sulfate; MgSO 4 ), phosphorus (0.04 potassium phosphate; KH 2 PO 4 ), boron (5.1 × 10 -4 boric acid; H 3 BO 3 ), manganese (5.9 × 10 -4 manganese chloride; MnCl 2 ) zinc (2.2 × 10 -4 zinc sulfate; ZnSO 4 ) copper (5.0 × 10 -5 copper sulfate; CuSO 4 ), molybdenum (6.5 × 10 -5 sodium molybdate; Na 2 MoO 4 ), and iron (2.2 × 10 -3 iron chloride; FeCl 3 ). Soil water supply was measured weekly and added as needed with a drip irrigation system to maintain adequate soil moisture throughout the experiment.
Materials and Methods
Plants were destructively sampled weekly in all treatments for ten weeks during the growing season. Corn reached R1 to R2 (anthesis to blister) and velvetleaf began to flower at 10 weeks. Sampling began one week after emergence in 2001 and two weeks after emergence in 2002. Plant height and growth stage were recorded and plants were cut at the soil surface at each sampling date. Aboveground plant parts were separated into stems, leaves, dead leaves, and reproductive tissues. Sampled pots were pulled from the ground and roots carefully separated from the soil mixture using a gentle stream of water. After 10 weeks of plant growth there was no obvious constriction of root growth and roots rarely grew outside the pot bottom.
Root systems were separated into coarse roots, fine roots, and brace roots, with coarse roots measuring 2 mm or greater in diameter, fine roots measuring less than 2 mm in diameter, and brace roots being those roots that originated on the corn stalk above the soil surface. Representative subsamples from each coarse root, fine root, and brace root sample were taken. Coarse root and brace root subsamples weighed approximately 1 g (dry weight) and fine root subsamples weighed approximately 0.2 g (dry weight). Images of unstained subsamples were scanned at 400 dpi resolution using the WinRhizo Pro root scanning software system (version 5.0; Regent Instruments Inc., Quebec, Canada) at the automatic threshold selection setting (Bouma et al., 2000) .
Root samples and subsamples were dried at 60°C to a constant weight. The fraction of fine roots produced by each plant was calculated as a function of total root weight. The root scanning software was used to calculate the root radius, root length and root volume from the image of each scanned subsample. Based on the dry weights of the subsamples and the dry weights of the entire root samples, root length and root volume were then calculated for the entire root system of each plant, and specific root length (cm root g -1 root) and root length density (cm root cm -3 soil) of each plant were calculated.
Soil samples were taken at each sampling date prior to extraction of the root systems by scooping approximately 200 g of soil from the top of each pot. Soil samples were weighed, dried, and re-weighed to determine soil water content and ensure that water was being adequately and consistently supplied. Soil temperature was monitored both inside and outside pots to determine any temperature differences at five and three randomly selected locations in 2001 and 2002, respectively. Pairs (one inside and one outside the pot) of temperature loggers (Optic StowAway, Onset Computer Corpo-ration, Bourne, MA, USA) were placed 5 cm below the soil surface to log hourly temperatures throughout the experiment.
Statistical analysis was conducted using the SAS System for Windows, version 8 (SAS Institute Inc., Cary, NC, USA). A quadratic model in the Proc Mixed procedure was used to detect differences in the fraction of fine roots, mean fine root radius, specific root length, root length density, and N uptake per unit fine root length in response to plant species, plant size, the amount of N applied, and their interactions. Plant species varied significantly (either main effect or interaction term) for all root characteristics, so all reported analyses were conducted separately by species. The fraction of fine roots, mean fine root radius, specific root length, root length density, and N uptake per unit fine root length were plotted as a function of plant size and second order polynomial curves were fitted for each species at each N level.
Results and Discussion
Measurements of gravimetric soil water content indicated adequate water availability throughout the experiment, and soil temperature did not vary sufficiently from soils outside the pots to affect root growth (Bonifas et al., 2005) . The fraction of corn and velvetleaf fine roots decreased as a result of normal plant growth and development (Table 1 & Figure 1 ). Velvetleaf had a greater fraction of fine roots than corn when the plants were small, but as plants became larger the fraction of fine roots declined to a level that was lower than corn in 2001. Corn fine root fraction was greater than that of velvetleaf at all plant sizes in 2002 (Figure 1 ). This occurred because the first sampling date took place when the plants were older and larger in An increase in the amount of fine roots produced would lead to an increase in total root surface area, allowing the roots to come into contact with a larger volume of soil and increase N uptake.
Mean radius (mm) of corn and velvetleaf fine roots decreased with increasing plant size in both years (Table 1 & Figure 2 ). Velvetleaf fine root radius was similar to that of corn during early growth in 2001, but declined to a level below that of corn at similar biomass. In 2002, velvetleaf fine root radius was greater than that of corn during early growth, but quickly declined to a radius that was smaller than that of corn at similar biomass. Corn fine root radius decreased with decreasing N supply in both years, whereas velvetleaf fine root radius declined with decreasing N supply only in 2001. Corn specific root length (SRL, cm root g -1 root) increased with increasing plant size and N supply in both years (Table 1 & Figure 3 ). Velvetleaf SRL was greater than that of corn at all plant sizes in all treatments but the 0 N treatment in 2001. Velvetleaf SRL did not vary with N treatments in 2002. Greater SRL would result in greater root surface area at a given root biomass.
Smaller root radius and greater SRL generally result in greater root length density (L v , cm root cm -3 soil). Corn and velvetleaf L v increased as the plants grew larger in both years (Table 1 & Figure 4 ). Corn growing in the 0 N treatment had the greatest L v at all plant sizes in both years. Velvetleaf and corn L v in the higher N addition treatments showed similar L v at the same biomass up to about 100 g plant -1 in both years. However, large corn plants (> 100 g plant -1 ) always had greater L v than velvetleaf. Nitrogen uptake efficiency (UE) was measured using N uptake per unit fine root length (g N 100 m -1 fine root Figure 5 ). Corn UE increased with increasing N supply in both years. Velvetleaf UE was greater than that of corn across all plant sizes in most N treatments, but did not vary with N supply treatment in either year. Bonifas et al. (2005) showed that both corn and velvetleaf increase the fraction of new biomass partitioned to roots when N supply is limiting. This does not mean that N deficient corn and velvetleaf will have greater root biomass. Rather, if overall plant growth rate is reduced by N deficiency, the optimum result is that root biomass does not decline with N deficiency as much as shoot biomass. Since root biomass may still be smaller, it is reasonable that plants may modify their root morphology to further aid their capacity to take in nutrients. While velvetleaf had less root biomass overall than corn, Bonifas and Lindquist (2006) showed that velvetleaf had greater N uptake efficiency (g N g root -1 ), suggesting that velvetleaf may have more roots with smaller radius and/or greater specific root length, which would increase the surface area available for N uptake.
Velvetleaf had a greater fraction of fine roots than corn when plants were small (Figure 1 ). While those fine roots were similar in radius to corn roots when plants were small, their specific root length was greater. At moderate plant size (~100 g plant -1
), velvetleaf fine roots had smaller radius than corn, but similar SRL. The end result was that even though velvetleaf had considerably less root biomass than corn, their root length density was similar during much of the vegetative period when N was not deficient. Thus, velvetleaf was able to increase the total length of its root system with a smaller biomass investment than corn (Eissenstat, 1992) , which may contribute to greater competitiveness for belowground nutrients (Eissenstat and Caldwell, 1989) . By investing less biomass to produce root length, velvetleaf also will be able to maintain biomass partitioning to aboveground plant parts and remain competitive for light.
Corn root morphological characteristics appear to respond more to N supply than velvetleaf. Corn root radius declined, specific root length increased and root length density increased when N was deficient. These characteristics should benefit the ability of corn to compete for N. While velvetleaf fine root radius, specific root length and root length density did not consistently vary with N supply, N deficiency reduced velvetleaf fine root fraction and specific root length in 2001. These results suggest that, in lieu of further reducing root radius and specific root length relative to that of corn, velvetleaf may invest more root biomass in the production of a deeper tap root to reach nutrients deeper in the profile.
Corn and velvetleaf root morphological characteristic differences give insight as to how each species competes for and takes up N. Both corn and velvetleaf alter certain root morphological characteristics in response to N supply, but corn responds much more than velvetleaf. Since velvetleaf has greater N uptake per unit root length than corn, it may make sense that it invest more energy in placing some of its roots below the corn root system. Knowing how the root morphology of corn and velvetleaf differ in response to N supply will lead to a better understanding of how the two species compete with one another for both belowground resources such as N and aboveground resources such as light.
